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Abstract

There will be prolific production of heavy quarks (charm and bottom) in central Au-Au
collisions at the Relativistic Heavy-lon Collider (RHIC). The darm quark in particular is
the objed of intense theoreticd interest in connedion with the seach for the quark-gluon
plasma and provides one of its most robust and anticipated signals -- suppresson of the
J resonance Y et none of the four current detedors has the caability of deteding heavy
guarks via the standard technique of finding detadhed decgy vertices.

We propose to establish the capabili ties of, and conceptual design for, a micro-vertex
detedor asciated with the PHENIX muon spedrometers at RHIC. The new physics
agenda would include the spin structure of the nucleon, heary-quark production in proton-
nucleus interadions, as well as the most difficult technicd problem -- identificaion of
open-charm production in central Au-Au collisions.

In the first two yeas of the proposal we would establish the optimal configuration for the
micro-vertex detedor. We would also seled among the existing technologies and begin
prototyping components utili zing P25's gli con detedor test fadlity in SM-218 The final
yea would be devoted to more advanced prototyping and to writing a DOE proposal for
the a@nstruction of the full-scde devicefor the PHENIX detedor.

|. Introduction and Proposed Objectives

Brookhaven's Relativistic Heavy-lon Collider (RHIC) will start its ssoond cycle of
operation in May 2001 with colli sions of Gold ions at 200 GeV per nucleon center-of-
massenergy (\'S) -- far higher than the CERN SPS program which has run for 15 years at
VS =17 GeV/A. At RHIC there is no doubt that the extreme energy densities
(>1GeV/fin®) required to achieve quark de-confinement will be reaced. ThusRHIC isa
truly unique faali ty, providing capabili ties qualitatively different from other acceerators.
New physicsis pradicdly guaranteed. On the other hand, there is every reason to be
skepticd that the new physics will emerge ealy on.

It was only in the final yeas of the CERN SPSprogram that measurements were made
that could be cdled compelling -- the observation of “anomalous’ suppresson of Jy



production in central Pb-Pb collisions [1]. This observation was foremost on the list which
led CERN management to announce last summer that a “new state of matter” had been
creded in the laboratory, a statement greeted with considerable skepticism by the
international physics community. The CERN experimenters measuring J{) suppresson did
not have anironclad case. Among the major issues not resolved was the posshility that the
production of charm quarks' is, itself, suppressed. This would then imply that Jy
suppresson was not an indicaion of formation of the quark-gluon plasma (QGP), but was
a onsequence of other, perhaps more mundane, physics.

The first muon spedrometer of the PHENIX detedor has been completed, and will be
operationa during the seaond RHIC running period beginning in May 2001 The heat of
the muon spedrometer is the muon tradking system, designed and built by a allaboration
led by P-25 staff. This gpedrometer will provide the first data for Jy production at RHIC.
It isnot an exaggeration to say that this measurement is nea the top of everyone'slist of
priorities.

However, neither PHENIX nor the other threeRHIC detedors will have the caabili ty of
dired observation of charm quark production. The environment of nucleus-nucleus
collisions presents sgnificant challenges to the development of workable micro-vertex
detedors. These dallenges (discussed below) plus the cmplexity and expense of fielding
such devices weighed heavily against including them in the baseline wlli der detedors at
RHIC. Thus micro-vertex deteaors will be asecond-generation capability at RHIC. It is
the development of such a devicefor the PHENIX muon spedrometers that is the focus of
this proposal.

Sedion Il introduces micro-vertex detedorsin the wmntext of the RHIC program. Sedions
I11-V describe threeindependent areas of physics that the development of this technique
would impad. Finaly, Sedion VI outlinesthe arrent state of micro-vertex detedor
tedhnology and presents a brief statement of the work to be acomplished.

1. Micro-vertex detection: The key to heavy-quark physics

When pairs of ¢ and ¢ querks are produced in high-energy colli sions, only a few percent
end upas bound states of charmonium (the specrum of cc bound states of which the J
is the most readily observed). A far more likely outcome is for the ¢ and ¢ to combine with
lighter quarks to form long-lived “charmed” hadrons. Charmed hadrons decay to non-
charmed hadrons with a lifetime charaderistic of the weak interadion (=10™ seconds.)
The comparatively long lifetime combined with relativistic speeds confers a distinct
signature to charm-quark decays -- they occur ten to hundreds of microns away from the
point of production. This feature has been used extensively in the past 15 years at high-
energy accelerators, where micro-vertex detectors have been employed to measure the
properties of c-quark and b-quark hadrons. Micro-vertex detectors rely on silicon strip

' The JY resonance is abound state of a charm and anti-charm quark



and pixel detedor technology. They typicdly involve from ten thousand to over amillion
channels of eledronic readout. Thusthey are neither smple to build nor to operate.

Our group built and operated a ten thousand channel micro-vertex detecor for a fixed-
target experiment at Fermilab several yeas ago [2,3]. With this device we made the only
direa observation of the nuclea dependence of open-charm production in proton-nucleus
collisions. This experiment, which was carried out in a fixed-target environment, isa
template for the kind of measurement that we believe is crucial to the RHIC program.

We have dso been responsible for the design of large silicon tradkers at the SSC (2.5
million channels), CERN and the PHENIX multiplicity and vertex detedor.

It is clea that now isthe time to re-evaluate micro-vertex detedor technology at RHIC.
There ae two main reasons. First, the RHIC program now includes sme very interesting
areas of physics where amicro-vertex detedor could have significant impad, and for
which the purely technicd problem of finding dsplaced verticesis from one to three
orders of magnitude simpler than for the central Au-Au colli sions of the QGP seach. Thus
there is physics to be had aong the way to development of the ultimate device Two such
physics cases are briefly described below. Seand, vertex-detedor and the associated
eledronic-readout technology have not stood il i n the past ten yeas (seediscusson
below). Developments, driven by collider detedors at Fermilab and those under
construction for LHC, have reduced the st per readout channel by about an order of
magnitude.

[11. Charm and beauty physicsin polarized p-p collisions

The polarized proton collider program at RHIC becane red in 1995 with the investment
of significant funding from the RIKEN Laboratory in Japan. This investment supports the
construction of a second muon arm and other upgrades to PHENIX and RHIC. Important
parts of the physics program include measurements of the anti-quark and guon
polarizations in the proton. These ae vital data for solving the puzze of the “missng”
spin of the proton. (Existing measurements of the valence quark polarizations only
acount for about half of the proton’s in!) The RHIC spin program is now scheduled to
start with low-luminosity polarized p-p operation thisyea.

The unambiguous identification of ¢- and b-quark production in polarized p-p collisionsis
anatural first applicaion of avertex deteaor for PHENIX. The physics program is the
determination of the helicity of the gluon distribution of the proton. The perturbative
diagram g+g —Q+ Q is dominant for heavy-quark production at high energies.
Observation of alarge helicity asymmetry in c- and b-quark production would
unambiguously signify large gluon polarization. It islikely that we will have some
primitive knowledge of gluon helicity at large x by the time avertex detedor isfielded by
PHENIX. However, the aility to unambiguoudly deted open-charm and bottom
production in p-p collisions would grealy extend the range in Bjorken-x of gluon helicity
measurements to lower x values. A byproduct would be the first measurements of the tota



charm and beauty crossedions at these energies, which are important to the heary-ion
program.

Micro-vertex detedors have been succes<ully operated by CDF and DO in 1.8 TeV p-p
collisions at Fermilab for severa yeas aswell for the LEP program at CERN. Thus
micro-vertex detedion in 200-500GeV p-p collisions at RHIC should be feasible.

V. Open-charm production in proton-nucleus collisions

Charm production is expeded to be large in heavy-ion collisons at RHIC, large exough
perhaps for asmany as5to 10cc pairsto be aeaed in ead central collision. The charm
guark plays a speda role in the minds of many who try to understand the transition from
the initial collision of highly relativistic heary-ions to possble new states of matter that
could be formed a short time later. The cquark is anegligible mnstituent of a nucleus, so
al charmed particles found by vertex detedion or by other means carry information on the
ealiest stages of particle production. In addition, the charm quark has a reasonably heary
mass(=1.2 GeV), heavy enough to hope that perturbative QCD can provide an accurate
guide to the initial conditions. And, of course, there ae fundamental arguments that the
most famous and easily observed bound state of the « spedrum, the J, can not exist ina
QGP, thus making the suppresson of the Jy a (apparently) most robust signal for the
creaion of this fabled new state of matter.

It is perhaps remarkable then that aimost nothing is known about the way that charm
quarks or charmed hadrons interad in normal nuclei. There is only one measurement of
the nuclea dependence of open-charm production, an experiment led by P-Division
physicists at Fermilab in the ealy 19905 [2,4]. This measurement, an experimental tour-
de-force d the time, showed no evidence of charm suppresson in proton-nucleus
collisions. Thisisin stark contrast to the very large suppresson of the Jy resonance
under similar conditions. Measurements of open-charm in p-nucleus colli sions, relative to
p-p collisions, will provide essential input to our understanding of gluon shadowing in
nuclei, parton energy lossin nuclea matter, etc.

V. Search for the quark-gluon plasma

The PHENIX experiment at RHIC is designed to deted a variety of signals emanating
from the QGP, including the suppresson of J production, production of thermal
dileptons, thermal charm decays, etc. These signals of plasma formation, while on firm
theoreticd ground, are dl subjed to badkgrounds from normal nuclea effeds sich as
shadowing of nuclea parton distributions, uncertainties in the total charm crossedion and
so on. Thus, detailed knowledge of these nuclea effeds is neaded before one can reliably
deted the presence of the QGP.

A primary goal of PHENIX isto deted color-screening suppresson of J productionin a
QGP. This effea, analogous to Debye-screening in atoms, occurs when the lor charge



of the freequarks and guons sreensthe dtradive force between the dharm and anti-
charm quarks that would normally form Jy’s. This results in fewer Jis being formed,
with the dharm quarks hadronizing into D mesons instead.

Unfortunately, J production is also suppressed in proton-nucleus colli sions, where a
QGP cannot be formed. P-25 has led a series of experiments at Fermilab which first
mapped out the nuclea suppresson of the Ji, whose magnitude surprised the physics
community. Currently there is no successul theoreticd explanation of these nuclea
effeds, with a variety of competing mechanisms having been proposed. Even the
magnitude of the J total crossedion is not understood!

While PHENIX plansto record proton-nucleus data, untangling these varied medianisms
requires measurements beyond the aurrent capabili ties of the experiment. A measurement
of the open-charm (D meson) crossedion is nealed to differentiate between initial-state
nuclea effeds, which would affea J’sand D’sin asmilar way, in contrast to final-state
effeds, which would only affea the J. Initial-state dfeds include shadowing of the
gluon distributions, energy lossof the incoming guon, etc. Final state dfedsinclude
disociation of the Jy by scattering off the remnant nucleus, etc. Open-charm data ae
also required to test for the presence of thermal charm production in the plasma.

VI. Silicon Vertex Detector Design

The primary technicd purpose for any vertex detedor isto measure the tradks in an event
with sufficient predsion so that it is possble to distinguish between those from the primary
vertex locaed at the interadion point and those from secondary vertices due to the decay
of heavy quarks. Oncethisisadhieved, it isthen possble to pursue avast range of physics
related to flavor tagging as described above. In pradice, at many large detedors both
here and abroad, the spedfic choices of technologies and designs depends on the detail s of
the beam energy and size, particle rapidity and multiplicity distributions, etc. No one
solution covers all situations. Ead vertex detedor was custom designed which naturally
leads to high costs and long development and construction times. For the PHENIX
application discussed here we ae dso obligated to pursue a aistom design that is tailored
to the dharaderistics of the RHIC bean and PHENIX detedor. However, with the
number of vertex detedors growing, we believe there is agood chancethat one can utili ze
past developments of eledronics and sensors to streamline the R& D processand arrive &
a st effedive solution that will med the neads of PHENIX.

The vertex resolution requirements are dictated by the physics processes being studied.
For open-charm detedion in the PHENIX central arms, the D—K+n decay channel is the
most promising, having branching ratios of 3.9% and the proper decay distance is ct = 124
microns. In the case of the muon arms, the important channel is a semi-leptonic decay to a
muon (D—p+X) with branching ratio ~19% and ct = 318 microns. These small decay
lengths lead one to require an impact parameter resolution of much better than 100
microns and therefore spatial resolution of afew tens of microns. In addition, the
detectors must be able to handle multiplicities of up to afew thousand particles per unit



rapidity. This demands a high degreeof granularity so that the occupancy of eah
detedor cdl iskept to afew percent. These two requirements, excdlent spatial resolution
and high granularity, point to silicon detedors as the tednology of choice Indeed, all of
the existing vertex detedors utili ze sili con technology in the form of pixels, strips, silicon
drift, or a combination of these & the innermost elements.

The SLD experiment at SLAC has perhaps one of the most ambitious vertex detedorsin
existence It ismade attirely of charge-coupled-devices (CCD’s), a silicon pixel
tedhnology, with atotal of 307 million pixels. The detedor has three @ncentric layers of
CCD’s (2500 pixels per mnt) at radii of 28mm, 382mm, and 483mm. Design
considerations for this detedor included radiation damage due to the dose proximity to
the beam pipe, support structures to maintain the position of the detecors, alignment
systems to corred for any motion, and a woling system to maintain the detedor at 190K.
In arecant run the single-tradk spatial resolution was 5.4 microns including the intrinsic
resolution and alignment errors. The impad parameter resolution was 14 micronsin r-phi
and 265 micronsin rz. These values allowed for B meson tagging with 45% efficiency
and 99 purity. Charm is more difficult than B’s © the wrresponding values will be less

The ALICE experiment at the CERN Large Hadron Collider is a heavy-ion experiment
that utili zes all threesilicon technologiesin their vertex detedor. The innermost layer is
pixels followed by sili con strips and finaly by silicon drift. The doice of pixels asthe
innermost element is for high resolution and granularity, while the silicon strip and drift in
the outer portionisto help in track reconstruction and to reducethe overall cost. The
intrinsic spatial resolutions of these detedorsare 12, 35, and 15microns, respedively inr-
phi and 10Q 23, and 730micronsin z. The maximum occupancy for ead type of detecor
is2.1to0 4.0%. The detedor isinthe form of a barrel with a pair of eadt type of detedors
at different radii. The pixel detedorsare & 4.0 and 7.0 cm radius, the strip detedors are &
14.9 and 238 cm, and the silicon drift isat 38.5 and 436 cm.

The STAR detedor at RHIC hasrecantly installed a sl con vertex detedor that uses
sllicon drift technology. It is designed to handle 2500 particles per event for rapidities
between -1 and +1. The detedor hasthree oncentric barrelsat 6, 10, and 15cm radius
and is44 cm long. Prototype detedors adhieved spatia resolutions of 10 micronsin the
anode readout and 20microns in the drift component. By using all sili con drift
technology, the STAR group reduced the ast, but the detedor till cost $7 million for 0.7
m? of silicon. Other silicon vertex detectors at Fermilab use dl strip techrology, while &
ATLAS a combination of pixel and strip technology is employed. Comparable resolutions
are obtained to those a&ove. Generally, the goal for al of these detedorsisto begin
tradking as close to the beam pipe & possble and to spacethe barrels  that the lever arm
is optimized for impad parameter resolution. One of the biggest drawbadks to pixel and
drift tedhnology is the length of time to read out the dedronics. The STAR detedor hasa
conversion time of 160 us and the SLD detector readout is limited to 2 MHz for 309
million pixels. To decrease the readout times one must read more of the detector out in
paralel, but this drives up the cost. All of these detector designs were a compromise
between performance and cost.



The goa of this proposal isto develop a design for a silicon vertex detector for PHENIX
to be used in conjunction with the muon arms to allow detailed study of heavy quarks.
Rather than a barrel geometry, the requirement is for disksin the forward direction where
the muon arms cover 1.2 -2.4 in rapidity. Significant design issues include contending with
the large interaction diamond, 20 cm, a beam spot larger than at the LHC (15 microns) or
SLAC (1.5 microns) and alarge range in the multiplicities for Au-Au collisions versus p-p.
In addition, the PHENIX DAQ and common FEE architecture require areadout time less
than 40 us. We will strive to design a detedor that will provide better than 20 micron
impad parameter resolution yet maintain amoderate st.

Proposed work plan:
The design will proceal in threesteps:

I. Using GEANT and appropriate event generators, arrive & the design
requirements in terms of angular coverage, placement of disks, and spatial
resolution needed.

Il. Canvasthe available sili con technologies and eledronics to define what will
satisfy the design requirements from 1 above.

I11. Prototype the detedor and eledronic choices and interfaceto the PHENIX
DAQ.

At the same time a onceptual design of the acillary support structures and cooling will
be done.

Relationship to other projects and prospectsfor new support into the
laboratory in the future based on thiswork:

This proposal has a strong connedion to LANL’s existing NPPprogram and previous
work done & Fermilab and the SSC. The PHENIX program has brought significant R+D
and construction funds to LANL in the past. If succesdul, this proposal islikely to bring
additional capital construction funds from DOE for a new micro-vertex detedor for
PHENIX .

Funding breakout:
¢ $25 for FY02, FY0O3and FY04. No M+S nealed in FY 02
* FYO03, Phaselll will also require some caital equipment funds.

Specialist Reviewers: Sam Aronson - BNL, Carlos Lourenco - CERN.
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